We have developed a process for indirectly coating small diameter electroformed nickel replicated optics with multilayers to increase their response at high energy (i.e. >10 keV). The ability to fabricate small diameter multilayer-coated full-shell Wolter X-ray optics with narrow bandpass opens the door to several applications within astronomy and also provides a path for cross-fertilization to other fields. We report on the characterization and evaluation of the first two prototype X-ray Wolter optics to be delivered to the Z Pulsed Power Facility at Sandia National Laboratories. The intent is to develop and field several optics as part of an imaging system with targeted spectral ranges.
INTRODUCTION
Wolter optics consist of two mirror segments which reflect X-rays at a grazing angle of incidence. 1 These optics have mainly been developed for astronomical applications since their origination in 1952. The energy range of grazing incidence optics is limited by the critical angle of total external reflection of the optic material. Recently, multilayer films applied to Wolter optics have extended the energy band for use in hard X-ray (>10 keV) astronomy. 2 These multilayer films, consisting of alternating layers of high-and low-Z materials, use the principle of constructive interference to increase the reflectivity at high energies. NuSTAR, 2 the first space-based X-ray telescope to use multilayer Wolter optics, has an energy range of 3-79 keV, well above other X-ray observatories with only single layer metallic coatings (e.g. Chandra, 3 
XMM-Newton 4 ).
Recent developments in Wolter optic fabrication have enabled new applications outside the field of astronomy, including the fabrication of Wolter microscopes for various laboratory-based experiments. The process of electroformed nickel replication (ENR), which is routinely used to fabricate optics for astronomical missions at NASA Marshall Space Flight Center, 5 is well-suited to fabricating the small-diameter optics required for Wolter microscopes. In the ENR process, a fullshell X-ray mirror is replicated from a highly figured and polished mandrel. Until recently, however, it was not possible to apply a multilayer film to the inner surface of full-shell optics with diameters less than about 22 cm, due to the size of the sputtering cathodes used to deposit the film. This problem was recently solved at the Harvard-Smithsonian Center for Astrophysics (CfA) with the development of an indirect coating technique. 6 Using this technique, the multilayers are applied to the mandrel before electroforming, and are then released from the mandrel along with the shell. This technique can now be used to fabricate optics for applications such as nuclear medicine 7 and neutron microscopy. 8 The development of hard X-ray diagnostic tools is important to current research on the physics of high energy density (HED) plasmas. 9 Wolter optics offer an improved combination of throughput, spatial resolution and field of view compared to current techniques, such as pinhole imaging and Kirkpatrick-Baez mirrors. Using indirect multilayer coating, it is now possible to produce Wolter optics with the desired spectral responses for use as HED plasma diagnostics. The multilayer coatings can be used either to expand the energy range into the hard X-ray regime, or to create a narrow passband at high energies for use as a filter. Figure 1 . Diagram of the Wolter ellipse-hyperbola geometry for focusing X-rays from sources at short distances. u and v are the source-to-optic distance and the optic-to-detector distance, respectively. The magnification of these optics is M = u/v.
Using these techniques, we have fabricated two prototype optics for imaging the molybdenum and silver Kα lines (17.4 and 22.2 keV, respectively) produced in the Z-pinch plasma at Sandia National Laboratories' Z Pulsed Power facility. We performed the initial characterization of these optics at CfA using a beamline built for this purpose. We report here on the measurement of the throughput, spectral bandwidth, and spatial resolution of these prototypes.
SMALL OPTIC FABRICATION
The fabrication of the small optics begins with the preparation of the aluminum mandrel. The mandrel is first machined to the rough figure and size, then coated with electroless nickel, diamond turned to the final figure, and polished to the desired roughness. A carbon layer is then deposited on the mandrel to facilitate the release, followed by the multilayer, via DC magnetron sputtering. Next, the NiCo alloy is electroplated onto the multilayer-coated mandrel, with the plating parameters optimized for low stress. After electroplating, the mandrel is placed into a cold water bath at 0
• C. The differential thermal contraction of the aluminum mandrel and the NiCo shell cause the shell to release from the mandrel, with the multilayer adhered to the shell's inner surface.
While Wolter optics for X-ray astronomy use a parabola-hyperbola geometry to focus light from distant sources, the short focal length optics used for X-ray microscopy have an ellipse-hyperbola geometry, illustrated in Fig. 1 . To produce the prototype optics reported here, an existing mandrel, which had a double-cone approximation to the full Wolter geometry, was used. This mandrel had a magnification of M = 4, with a source-to-optic distance (u) of 0.6 m. The next generation of optics will be fabricated using a custom designed mandrel with the complete ellipse-hyperbola figure, with M = 3.5 and u = 0.667 m. It will be figured and polished to 15 of slope error and 3Å RMS roughness.
Tungsten and silicon were chosen as the materials for the multilayer. For these narrow bandpass filters, a constant bilayer thickness was used. The location of the energy peak can be approximated using the Bragg equation, λ = 2d sin θ, where d is the bilayer thickness, and θ is the grazing angle of the optic. θ = 0.5
• in this case. Simulations were run using the IMD software package, 10 which uses the full Fresnel coefficients to calculate the reflectance and transmittance, to select the values of d and Γ (the bilayer thickness ratio) to maximize the reflectivity. 
CHARACTERIZATION BEAMLINE
An X-ray beamline was built at CfA to characterize the energy response and spatial resolution of optics with focal lengths of about 3 meters. The full beamline setup is pictured in Fig. 2 . The source is a microfocus tungsten x-ray tube, with a spot size of 45.8 µm in diameter. The source was chosen so that the spot size would have a minimal contribution to the measured HPD, and the W characteristic lines lie well outside the energy ranges of interest. The detector used in the beamline is a silicon drift detector (SDD) with a built in multichannel analyzer. The SDD has low noise and an energy resolution that is sufficient to resolve the details of the shape and width of the reflectivity peak from the multilayer film. The SDD has only a single pixel, so a set of tungsten pinhole covers was fabricated for the detector; by measuring the transmission through pinholes of various diameters, the half-power diameter (HPD) of the focal spot can be determined (see Sec. 4.3).
Because the energy response of the multilayer depends strongly on the angle of incidence of the x-rays, precise alignment is essential for an accurate measurement of the performance of the optic. To provide this, the optic and detector mounts of the beamline are each attached to a set of stepper motor stages. The detector mount provides linear motion along the x, y and z axes, and the optic mount provides motion along x and z (horizontally and along the beam, respectively), as well as pitch and yaw. The optic is aligned by adjusting the position of each of the stages in an iterative process until the maximum reflectivity is achieved for the multilayer film's energy peak.
A software package was developed in Python to control the motorized stages and interface with the MCA of the detector. A Python library for the motor controllers, was provided by the manufacturer, and a custom library was written to communicate with the detector MCA via RS232. The software built on top of these libraries implements functions that automate many aspects of the alignment process, including the ability to scan the motors at any number of locations and acquire a spectrum at each location. The total number of counts measured at each location is displayed, and the FWHM and centroid of any peaks is automatically calculated. Spectrum and scan data are plotted in real time as it is acquired. Any one of the motors can be scanned individually, and a 2D scan of the detector in the xy plane is also implemented for locating the focal spot. The package includes a graphical user interface for ease of use.
RESULTS
Two prototype optics were fabricated and tested, with SiW multilayers optimized for two different energy bands, 17.4 keV and 22.2 keV. The optics were first measured using X-ray reflectivity (XRR) to verify the film's layer thicknesses and the Figure 3 . XRR data from the hyperboloid end of the Mo Kα optic, with fit parameters shown upper right. The fit and plot were produced using IMD. 10 roughness/diffuseness between the layers. They were then characterized in the beamline to locate the energy pass band and measure the throughput and spatial resolution of the optics.
Multilayer Characterization
8.05 keV (Cu Kα) XRR data were taken to characterize the multilayer coatings. An example of the data and corresponding fit are shown in Fig. 3 . XRR was performed at various locations on the optics to test for coating uniformity. For both optics, we found a variation of about ±1.5Å about the target d-spacing. These data are being used to design new fixturing in the sputtering chambers to improve coating uniformity to meet the requirement of < 0.5Å thickness variation in the next set of optics. The RMS microroughness, σ, was 5.5 ± 1.5Å for both optics. The microroughness of the multilayer depends partially on the microroughness of the mandrel, which was not measured prior to coating.
Optic Reflectivity
The reflectivity of the optic is proportional to the ratio of the flux focused onto the detector by the optic, F opt , to the flux from the X-ray source with no optic, F src . A few correction factors must be applied to this ratio. The optic flux is normalized by dividing by the collecting area of the optic, A opt . The 1/r 2 dropoff in flux is corrected by multiplying F opt by the optic's distance from the source, z opt . Similarly, F src is divided by the area of the detector, A det , and multiplied by the distance from source to detector, z det . Because each photon is reflected twice from the optic, the optic reflectivity (i.e. the "double-bounce reflectivity") is the square of the reflectivity R(E) of the multilayer ("single-bounce reflectivity"). Thus the optic reflectivity, as a function of energy, is given by
The measured single-bounce reflectivity for each of the prototype optics is shown in Fig. 4 . Both optics have reflectivity peaks that are well-centered around the required energy, with a FWHM of about 1.9 keV. The Mo Kα prototype, with N=10 bilayers, has a single bounce reflectivity of 20% at the energy of interest, 17.4 keV. The reflectivity of the Ag Kα prototype, with N=20 bilayers, is 15% at 22.1 keV. Despite having more bilayers, the Ag Kα optic has a lower throughput because it reflects at a higher energy. 
Spatial Resolution
The half-power diameter (HPD) was measured for each optic by recording the total flux through a set of pinholes of various sizes placed in front of the detector. These data were fit using a function of the form
where d is the pinhole diameter and A, b, x 0 and y 0 are fitting parameters. Eq. 2 is derived by integrating over the focal spot assuming a 2D gaussian shape. Plots of the data and corresponding fits for both optics are shown in Fig. 5 .
The measured value of the HPD is made up of contributions from both the optic's resolution and the finite size of the source. We estimate the resolution r by subtracting the contribution of the source diameter, d source , and accounting for the magnification M of the optic:
where d HPD is the measured HPD derived from the fit. The resolution depends on the figure of the mandrel and the stress imparted during deposition of the multilayer film and NiCo shell. The figure of the existing double cone mandrel was not measured prior to fabrication of the prototype optics. The measured resolution was 490 µm for the Mo Kα optic, and 508 µm for the Ag Kα optic.
CONCLUSION
Multilayer coated Wolter optics provide advantages in resolution and throughput over existing imaging systems for laser plasma diagnostics. A new diagnostic system using Wolter optics is being developed for use at Sandia's Z Pulsed Power facility. Two prototype optics with targeted spectral responses were fabricated at CfA, and a characterization beamline was built to perform initial testing of the optics' spectral response and spatial resolution. These prototype optics will be studied at Sandia and LLNL to understand how future versions will perform on HED experiments.
Work on the next generation of optics is underway at CfA, using a custom designed mandrel with a full ellipse-hyperbola figure and higher resolution. The custom mandrel will allow replication of shells with significantly better spatial resolution (< 100 µm over a 5 × 5 × 5 mm 3 field of view). The multilayer films for the next optics will be designed to have more bilayers to increase the throughput at the energy of interest and improve in-band/out-of-band contrast. Upgrades are also being made to the sputtering chambers to meet the tight uniformity requirements for the coating.
